ABSTRACT Beta-hydroxy-β-methylbutyrate (HMB), the metabolite of leucine, plays an important role in muscle protein metabolism. To investigate the effect of dietary HMB calcium (HMB-Ca) on growth performance, breast muscle development, and serum parameters in broiler chickens, a total of two hundred seventy 1-d-old Arbor Acres male broiler chicks were randomly allotted into 3 dietary treatments supplemented with 0, 0.05%, or 0.1% HMB-Ca during the starter (1 to 21 d) and grower (22 to 42 d) period. The results showed that broilers fed 0.1% HMB-Ca diet had higher ADG during the starter or the whole period, and gain 148 g more BW than the chicks fed the control diet at 42 d of age (P < 0.05). At 21 d of age, birds receiving 0.1% HMB-Ca had more breast muscle yield, less abdominal fat than the control, and more dressing percentage than birds fed the control or 0.05% HMB-Ca diet (P < 0.05). At 42 d of age, 0.1% HMB-Ca increased breast muscle yield than the control and decreased abdominal fat compared with the control or 0.05% HMB-Ca group (P < 0.05). In comparison with the control, feeding 0.1% HMB-Ca increased the triiodothyronine, thyroxine, triiodothyronine/thyroxine ratio and decreased the serum uric acid level at d 21 (P < 0.05). At 42 d of age, serum thyroxine level was elevated in the 0.05% HMB-Ca treatment, and the uric acid concentration was significantly decreased by the 0.1% HMB-Ca-supplemented diet (P < 0.05). Dietary HMB-Ca did not affect the growth hormone or insulin content. This study suggested that dietary supplementation of HMB-Ca improved growth performance, stimulated the breast muscle development, and decreased the abdominal fat deposition in broiler chickens, and the favorable effects were more pronounced in the starter phase. The growth promotion effect of HMB-Ca may be partly related to the increased serum thyroid hormones in broiler chickens. had increased breast yield and reduced mortality, and HMB at 0.03% increased 42-d BW. Different from the above observed results, Peterson et al. (1999) showed that HMB below 0.1% did not significantly affect broiler weight gain. Buyse et al. (2009) demonstrated that HMB (0.03%) fed broilers were markedly heavier at 14 d and the growth promotion effects attenuated with age. Furthermore, even in ovo feeding of HMB was observed to improve development of the gastrointestinal tract and energy status in chickens (Tako et al., 2004) . The sensitive and effective periods for HMB in broiler chicks are uncertain. The mechanism by which HMB influences overall body and muscle growth may directly or indirectly be associated with the neuroendocrine regulatory factors/hormones. Maternal and neonatal administration of HMB had been shown to improve the somatotropic axis function in pigs (Tatara et al., 2007 (Tatara et al., , 2012 and sheep (Tatara, 2008) , as evidenced by increased serum growth hormone (GH) and insulin-like growth factor (IGF)-I levels. However, in ovo feeding of HMB did not affect plasma IGF-I levels, but decreased IGF-II during early posthatch period in turkey poults (Foye et al., 2006b ). Little information is available regarding the effects of HMB on endocrine hormones in broilers.
INTRODUCTION
Beta-hydroxy-β-methylbutyrate (HMB), a metabolite of the essential amino acid leucine with the potential to increase muscle mass and decrease muscle breakdown, has gained interest in the animal and human research field in the last 2 decades.
In domestic animals, HMB had been shown to convey beneficial effects in various species. Nissen et al. (1994b) first discovered that feeding HMB to broiler chickens resulted in faster growth rate, reduction in mortality, and increase in muscle deposition. The same research group also obtained positive results with HMB such as increasing body mass in growing lambs (Nissen et al., 1994c) , improving carcass yield in feedlot steers (Van Koevering et al., 1994) , and enhancement in fat percentage of sow's milk and piglet performance (Nissen et al., 1994a) . Afterward, extensive studies had been conducted on HMB supplementation in protein metabolism. Inclusion of HMB was reported to suppress the protein degradation in isolated rat and chick muscles (Ostaszewski et al., 2000) . In the resistance exercise field, HMB was found to increase muscle strength and lean mass, and minimize muscle damage in considerable reports (Panton et al., 2000; Vukovich et al., 2001; Nissen and Sharp, 2003) . And now, HMB is widely used as an ergogenic supplement mainly in bodybuilders and power athletes who are seeking to improve performance or enlarge muscle mass (Portal et al., 2010) .
Although broiler chicken is the first reported animal responsive to HMB feeding, information about HMB application in broilers is still limited, and the available publications are inconsistent. Nissen et al. (1994b) observed that broiler chicks fed HMB at 0.01% in the diet Effect of β-hydroxy-β-methylbutyrate calcium on growth, blood parameters, and carcass qualities of broiler chickens had increased breast yield and reduced mortality, and HMB at 0.03% increased 42-d BW. Different from the above observed results, Peterson et al. (1999) showed that HMB below 0.1% did not significantly affect broiler weight gain. Buyse et al. (2009) demonstrated that HMB (0.03%) fed broilers were markedly heavier at 14 d and the growth promotion effects attenuated with age. Furthermore, even in ovo feeding of HMB was observed to improve development of the gastrointestinal tract and energy status in chickens (Tako et al., 2004) . The sensitive and effective periods for HMB in broiler chicks are uncertain. The mechanism by which HMB influences overall body and muscle growth may directly or indirectly be associated with the neuroendocrine regulatory factors/hormones. Maternal and neonatal administration of HMB had been shown to improve the somatotropic axis function in pigs (Tatara et al., 2007 (Tatara et al., , 2012 and sheep (Tatara, 2008) , as evidenced by increased serum growth hormone (GH) and insulin-like growth factor (IGF)-I levels. However, in ovo feeding of HMB did not affect plasma IGF-I levels, but decreased IGF-II during early posthatch period in turkey poults (Foye et al., 2006b ). Little information is available regarding the effects of HMB on endocrine hormones in broilers. Development of genetic selection for rapid growth rate had led to the modern broilers reach their target weights in fewer days. Fancher (2006) reported that genetic selection by primary breeding companies has increased 42-d BW by 0.55 kg during the past decade. The more rapid growth rate may need more HMB to sustain the muscle accretion. Although many feed ingredients such as alfalfa, asparagus, avocado, cauliflower, and grapefruit normally contain low levels of HMB (Zhang et al., 1994) , the amount of HMB in poultry feed is negligible due to the absence of the above ingredients. The total amount of HMB available from poultry feed and endogenous synthesis is insufficient to meet the requirements of rapid growth muscle for HMB. As a supplement, HMB is usually commercially available as an edible salt-calcium HMB monohydrate (EFSA, 2011) , which is easy to incorporate in the feed. Thus, the aim of the current study was to further investigate the efficacy of a dietary high dosage of HMBCa supplementation on performance, some blood parameters, and carcass qualities of modern fast-growing broiler chickens.
MATERIALS AND METHODS

Birds and Experimental Design
Two hundred seventy 1-d-old Arbor Acres male broiler chicks were commercially obtained and randomly allocated to 3 dietary treatments supplemented with 0 (control), 0.05%, or 0.1% HMB-Ca (Beijing Haizhengxingchao Biotechnology Co. Ltd., Beijing, China). Each treatment contained 6 replicates (cages) with 15 chicks each. Chicks were housed in wire cages and maintained on a 24-h constant-light program. Temperatures in the chicken house were set to 33°C for the first 3 d and were reduced by 2°C each consecutive week until they reached 24°C. The composition and nutrient level of basal diets is presented in 
Slaughter and Sampling
At 21 and 42 d of age, after 8 h fasting, one chick was randomly taken from each replicate for blood sampling and carcass measurement. Blood samples were collected by wing vein puncture. Blood was allowed to clot at room temperature and was centrifuged at 1,500 × g for 15 min at 4°C before harvesting serum. Serum samples were stored at −20°C until assayed. After blood sample collection, the birds were stunned with electricity and exsanguinated immediately. Carcasses were then defeathered and eviscerated to determine carcass weight (without head paws or giblets) as a percentage of total weight. The abdominal adipose tissue (from the proventriculus surrounding the gizzard down to the cloaca), breast muscle, and leg muscle from each bird were collected and weighed. Carcass dressing percentage, abdominal fat, breast muscle, and leg muscle were expressed as a percentage of BW.
Measurements
Serum GH, thyroxine (T 4 ), triiodothyronine (T 3 ), and insulin concentrations were analyzed using commercially available 125 I-labeled RIA kits (Beijing North Institute of Biotechnology, Beijing, China). For all the RIA kits, dilution series of chicken serum with RIA buffer showed good parallelism with the standard curve. These commercial RIA kits were validated for measuring chicken samples (Li et al., 2007; Rao et al. 2009 ). Serum concentration of uric acid was measured with a uric acid kit (Nanjing Jiancheng Bioengineering Institute, Nanjing, China). All samples were analyzed within 1 batch of assay to avoid interassay variations.
Statistical Analysis
Data were analyzed by one-way ANOVA of SPSS 16.0, and means were separated by Duncan's multiple range test (SPSS, 2008) . All percentage data were transformed using arcsine transformation before analysis. The effect of supplemental level of HMB-Ca was determined using orthogonal polynomials for linear and quadratic effects. Data were assumed to be statistically significant when P < 0.05.
RESULTS
Broiler Performance
Dietary HMB-Ca affected growth performance of broilers. The HMB-Ca effect was more distinct during the starter phase (1 to 21 d, Table 2 ). The ADG increased (linear, P = 0.017), mortality decreased (linear, P = 0.018), and ADFI partially increased (linear, P = 0.052) as dietary HMB-Ca increased during the starter phase. The HMB-Ca effect attenuated during the grower phase (22 to 42 d). The ADG partially increased (linear, P = 0.065), and ADFI and mortality showed no statistical changes when HMB-Ca fed to birds increased during the grower phase. For the overall phase (1 to 42 d), dietary HMB-Ca increased ADG (linear, P = 0.001), decreased mortality (linear, P = 0.004), and partially increased (linear, P = 0.085) ADFI. The ADG of broilers fed the 0.1% HMB-Ca diet was increased respectively by 10.93% (P < 0.05) in the starter phase and 7.56% (P < 0.05) in the whole phase compared with the control. No significant differences in feed conversion ratio were found in the starter, grower, or the entire phase during the experimental period.
Carcass Qualities
Carcass qualities were affected by HMB-Ca and day of age (Table 3 ). The HMB-Ca increased dressing percentage (linear, P = 0.023) at 21 d of age, and increased breast muscle yield (linear, P < 0.05) and decreased abdominal fat (linear, P < 0.05) at 21 and 42 d of age. At 21 d of age, supplementation of 0.1% HMB-Ca increased breast muscle yield by 27.44% and decreased abdominal fat by 36.80% compared with the control (P < 0.05). Birds in 0.1% HMB-Ca group also had more (P < 0.05) dressing percentage than birds of the control or the 0.05% HMB group. At 42 d of age, the slaughtered birds fed 0.1% HMB-Ca had higher (P < 0.05) BW by 7.54% than the control, and had decreased (P < 0.05) abdominal fat by 32.69 or 28.57% compared with those in the control or 0.05% HMB group, respectively. However, in any period of this study, dietary HMBCa supplementation did not significantly affect the leg muscle yield. 
Serum Parameters
Serum hormones and uric acid content were affected by dietary HMB-Ca and day of age (Table 4) . Dietary HMB-Ca increased (linear, P < 0.02) serum T 3 at 21 and 42 d of age, increased serum T 4 (linear, P = 0.012), and T 3 /T 4 (linear, P = 0.015) at 21 d of age, and quadratically increased (P = 0.017) serum T 4 at 42 d of age. At 21 d of age, chicks fed the 0.1% HMB-Ca diet had increased level of serum T 3 , T 4 , and higher T 3 / T 4 ratio compared with the control or 0.05% HMB-Ca group, and significantly reduced serum uric acid level by 43.18% compared with the control (P < 0.05). At 42 d of age, compared with the control, adding 0.05% HMB-Ca to the diet significantly increased (P < 0.05) the T 4 level by 35.18%, and T 3 concentration was enhanced (P < 0.05) in the 0.1% HMB-Ca group by 85.71%. However, there were no significant differences in GH and insulin level among treatments in experimental time.
DISCUSSION
Beta-hydroxy-β-methylbutyrate is a metabolite of the amino acid leucine and has been demonstrated to stimulate muscle growth in humans and promote growth in some animals. The purpose of the current study was to determine whether high level of supplementation of HMB-Ca would favorably affect the growth and muscle development, and the positive response was interrelated to systemic hormones changes in broiler chickens.
In the present study, 0.1% HMB-Ca supplementation significantly increased ADG in the starter phase, and in the grower phase the effect was attenuated. A similar result was reported by Buyse et al. (2009) in which chickens supplemented with 300 mg of HMB/kg (0.03%) feed were significantly heavier at 2 wk of age and the difference lessened with age. However, there were contrary results, which showed that dietary 0.05, 0.075, and 0.1% HMB supplementation did not significantly affect broiler weight gain, and only an increased tendency in weight gain was observed when HMB was consumed at 0.1% (Peterson et al., 1999) . Nissen et al. (1994b) explained that the increase in performance of broilers fed a diet supplemented with 0.003 to 0.01% HMB was possibly due to meeting the HMB requirement for metabolic function in these chicks. Studies have shown that administration of HMB into the amnion of late-term avian embryo beneficially affected chick BW (Tako et al., 2004; Uni et al., 2005; Foye et al., 2006a) through enhancing early gut development (Foye et al., 2006a) . Furthermore, HMB may enhance chick growth by acting as an immunomodulator. For instance, Peterson et al. (1999) reported that HMB supplementation tended to improve several immunological functions in broilers, and speculated that such immunological improvement may enhance growth performance. Another striking beneficial effect of HMB-Ca observed in the current study was a significant reduction of mortality rate, which was also found in previous studies (Nissen et al., 1994b; Nissen and Abumrad, 1997) . The mechanism may be associated with the improvement of immune function (Nissen et al., 1994b; Peterson et al., 1999; Buyse et al., 2009) . It appeared that young broilers were more sensitive to HMB, and the rapid growth rate and the stress-surrounded environment may increase the HMB requirement. However, more investigation is needed to support this judgment. Beta-hydroxy-β-methylbutyrate has been reported to exert muscle protein metabolism in human and animals. In resistance training adult, HMB had been introduced to promote fat-free mass. In patients with diseases associated with cancer-induced muscle loss (Smith et al., 2005) and under cachectic conditions (Eley et al., 2007) , HMB has also been adopted as an alternative supplement to combat against protein degradation. Regarding to the meat producing livestock, the effects of HMB on different meat-producing animals are not consistent. Tatara et al.(2007) reported that maternal HMB administration increased lean meat content of female pigs. However, dietary HMB did not change the fractional rate of protein synthesis in skeletal muscles in growing lambs (Papet et al., 1997) . The possible explanation may be associated with the difference in time of treatment with HMB. As suggested by Tatara et al. (2012) , prenatal treatment with HMB may induce longterm effects, while neonatal or postnatal administration of HMB may exert temporary effects on secretive function of the somatotropic axis.
In the present study, the chicks were fed HMB from hatch. And more breast muscle yield was observed in chicks fed 0.1% HMB-Ca diet at both 21 and 42 d of age compared with chicks fed the control diet. In chickens, between 1 to 6 wk of age, protein degradation is slower than protein synthesis as evidenced by increases in muscle growth during this period (Lauterio et al., 1986) . It has been suggested that HMB may affect muscle growth because it increases protein synthesis and decreases protein degradation (Uni et al., 2005) . However, HMB-Ca supplementation did not significantly affect the leg muscle yield. This result indicated the breast muscle (mainly white muscle fibers) was more sensitive to HMB-Ca than the leg muscle (mainly red muscle fibers). Our current study also agreed with the study by Ostaszewski et al. (2000) , which reported that HMB appeared to suppress protein breakdown more in white muscle fibers than in red muscle fibers in the rat. The reason for this phenomenon may be attributed to the fact that the rate of protein turnover in different skeletal muscles vary with the composition of fiber types (Baillie and Garlick, 1991) .
At 42 d of age, a significant increase was not observed in dressing percentage and leg muscle percentage. A similar finding was reported by Nissen et al. (1994b) , who found no increase in carcass yield of broilers at 42 d following HMB supplementation. Moore et al. (2005) also indicated that supplementation of 0.1% HMB may have an anabolic effect on early posthatch muscle, and concluded that the effectiveness of HMB in young muscle may be due to the extreme growth potential and the high level of satellite cell activity of the young animals.
In this study, our finding that supplementation of 0.1% HMB-Ca decreased abdominal fat in chicks during the starter phase is similar to the results obtained from earlier studies, which reported that dietary HMB decreased carcass fat content in rabbits (Ostaszewski et al., 1998 ), cattle (Van Koevering et al., 1994 , and sows (Nissen et al., 1994c) . The specific mechanism of this effect is unknown. However, it may be postulated that dietary HMB-Ca could improve birds' slaughter yield as their carcasses were characterized by higher proportions of the breast muscle and lower fattening based on our results.
We also explored the relationship of hormones and growth in the current study. Thyroid hormones, including tri-iodothyronine (T 3 ) and tetra-iodothyronine (T 4 ), influence the growth of skeletal muscles in chickens (Smith et al., 2002) . The T 3 can stimulate nuclear accumulation and proliferation within skeletal muscle fibers. Earlier study showed that prolonged supplementation of 300 mg of HMB/kg of diet did not affect serum T 3 levels in chickens (Buyse et al., 2009) , which was contrary to our results. In our study, a significant increase in serum T 3 in both starter and grower phases was observed. Higher T 3 level may induce proliferation of satellite cells and increase myofiber nuclei fusion and myofiber protein accretion, which was in agreement with the elevated breast muscle yield. However, the mechanism through which HMB exerts its effects on thyroid hormones is yet to be investigated, and the step of peripheral deiodination of T 4 to from T 3 merits a focus.
Insulin is a peptide hormone that can stimulate muscle protein synthesis at the initiation level (Pause et al., 1994) . Leucine is shown to be an insulin secretagogue that induces glucose-stimulated insulin secretion in pancreatic β-cells (Tsuruzoe et al., 1998) . However, no changes in serum insulin were found in the current study. The relationship between insulin and HMB addition is pending investigation.
Another hormone we tested is GH. There was no significant change in GH level. Tatara (2008) observed that oral administration of HMB in neonatal lambs increased GH and IGF-1 concentration by 70% at 3 wk of life, whereas these hormones reached similar values to those in controls at 130 d of age. It is speculated that HMB-Ca does not affect GH secretion or modulates somatotropic axis on early age before 21 d of age when we collected samples. Additionally, it was reported that T 3 exerts a negative effect on GH secretion (Lauterio et al., 1986; Goddard et al., 1988) , but the extent to which thyroid hormones influence the action of GH in the chicken has not been established.
In the current study, the blood samples were collected after 8 h fasting. Fasting is one of the factors affecting systemic hormones. It was reported that short-time fasting was associated with elevated plasma GH levels (Morishita et al., 1993) , decreased plasma insulin (Okumura and Kita, 1999), reduced T 3 concentration, and elevated T 4 concentration (May, 1978; Decuypere and Kühn, 1984) . The observed changes in hormones were superposition results of endocrine secretion and fasting influence. Since hormone secretion follows a diurnal rhythm pattern, more frequent sampling may help to elucidate the effects of HMB-Ca on systemic hormones. However, the improved growth performance accompanied by enhanced serum T 3 and T 4 but not GH in the current study, suggested that thyroid hormones play a more important role in growth in birds than GH, which was in agreement with previous studies (King and May, 1984; McMurtry et al., 1988) . Overall, it is possible that the higher concentrations of anabolic thyroid hormones in the younger birds (l to 6 wk of age) may be, at least in part, responsible for the increase in efficiency of protein deposition during this time.
Uric acid is the main end product of nitrogen metabolism in poultry (O'Dell et al., 1960) . The efficiency of amino acid utilization may be associated with serum uric acid concentrations (Kubena et al., 1987) . In our experiment, a significant decrease of serum uric acid was observed in 0.1% HMB-Ca group birds in the starter and grower phase. Decrease of uric acid indicated efficient utilization of dietary nitrogen in chicks fed HMB, which corresponded to the high efficiency of breast muscle growth.
In the current study, our results indicated that responses to HMB-Ca supplementation on growth performance were linear, with 0.1% HMB-Ca addition achieving the best performance. Furthermore, carcass traits, including early age dressing percentage, breast muscle yield, and abdominal fat, and serum parameters, including thyroid hormone and uric acid content, were mainly linear. These results suggested that 0.1% or more HMB-Ca in the diet may promote the growth in broilers under normal feeding environment without stress challenge. Recently, Buyse et al. (2009) reported that dietary HMB at 0.03% level was beneficial for performance under normal circumstances, and stimulated the immune response under immunological challenge condition at the cost of reduced growth. It seemed that the effects of HMB differed depending on different stress or immunological challenge condition. The efficacy or requirement of HMB-Ca under challenged conditions warrants further investigation.
In conclusion, dietary HMB-Ca improved growth performance, stimulated breast muscle development, and decreased the abdominal fat deposition in broiler chicks, and the favorable effects were more pronounced in the starter phase. The growth-promoting effect of HMB-Ca may be partly related to thyroid hormone changes in broiler chicks.
